ABSTRACT In this paper, we propose a novel technique to effectively design a channel adaptive collaborative constellation called the layered adaptive collaborative constellation (LACC) for multiple-input multiple-output visible light communications. Recently, a channel-adaptive space-collaborative constellation (CASCC) that designs the constellation with the consideration of channel into the model to improve the receiver mobility and enhance the error performance. However, this scheme only considers into optimization four constellation points that form a diamond shape in the receiver space. Our proposed scheme effectively exploits the layered structure of collaborative constellation and overcomes the aforementioned drawbacks of CASCC. Furthermore, an improved low-complexity maximum likelihood (ML)-based detector is derived. Simulation results show that the LACC can achieve some performance gain, compared with previous constellation design schemes for different scenarios, especially really high-correlation channels and under imperfect channel state information. Moreover, the proposed detector drastically reduces computational complexity while maintaining the same performance as a traditional ML detector.
I. INTRODUCTION
Recently, there has been constantly increasing interest in visible light communications (VLC), motivated by the dramatic development of light-emitting diode (LED) technologies and increasingly scarce spectrum resources [1] - [3] . In addition, VLC offers high security, high data rates, and precise positioning detection, compared with other wireless communications systems [4] . In indoor wireless VLC systems, intensity modulation and direct detection techniques are employed owing to their simplicity and low cost [5] . Signals are modulated to the intensity of the emitted visible light at the transmitter and are directly detected by converting the optical signal received by photo diodes (PDs) to an electrical signal. Furthermore, the high data rates can readily be exploited to create optical multiple-input multiple-output (MIMO) communications systems [6] . However, the channel in an indoor VLC system is typically deterministic, and the performance of MIMO-VLC systems heavily relies on channel correlations [7] . MIMO techniques such as repetition coding (RC) [2] , [8] , spatial multiplexing (SMP) [7] , and spatial modulation (SM) [9] have been proposed for different indoor VLC channel conditions. For MIMO-VLC systems employing above-mentioned techniques, there exist two main problems. Firstly, channel correlation is an inevitable feature of MIMO-VLC systems, making the aforementioned techniques sacrifice the spatial resources to alleviate the correlation impairment. As a consequence, a promising technique, space-collaborative constellation (CC) for 2 × 2 MIMO-VLC was proposed [10] . The minimum Euclidean distance (ED) in a CC was maximized by designing symbols from multiple transmitter spaces that collaborate as closely as possible under constrained average power. In the CC, by mapping each dimension in the transmitter space to the corresponding LED, the relationships within the LEDs are exploited as spatial resources, and thus, give rise to the design of the space-collaborative constellation. Later, [11] extended the concept of CC to larger number of LEDs and PDs. Secondly, the mentioned schemes and CC [10] have low mobility of receiver and weak robustness to the MIMO-VLC channel, which is directly related to the geometrical locations of transmitters and receivers. Consequently, the channel-adaptive space-collaborative constellation (CASCC) [12] , [13] for MIMO-VLC systems further improved the CC scheme by considering the channel in the system model. Under a particular criterion, a CASCC was designed for 2 × 2 MIMO-VLC in terms of the basic four-point constellation, and later, was extended to a high-order constellation. More specifically, Xu et al. [13] proposed the design of a constellation that can adapt to different channels due to the changes in geometric locations of transmitters and receivers. An adaptation function is based on the ED of the received constellation at the receiver. However, by optimizing the ED between only four basic points [13] , the extension to higher constellations was shown to be inefficient, especially when a significant correlation is present in the channel. On the other hand, the four-point constellation in the receiver space is considered as a diamond shape, which restricts the effectiveness of the channel adaptive constellation.
In this paper, we follow a different approach and establish a general design for a layered adaptive collaborative constellation (LACC) for MIMO-VLC systems. The proposed scheme also based on space collaborative and channel adaptive principles [13] . Specifically, the layered structure of the LACC based on three basic points makes it more convenient and efficient to design constellations of any size. We not only consider the channel in our model, but we also build relations among all the constellation points, instead of a few basic points [13] . In addition, unlike CASCC, the basic constellation at the receiver space is not restricted to a diamond shape. Furthermore, to simplify the design, the number of layers considered in the optimization problem can be varied, and depends on the correlation of MIMO-VLC channels. The original optimization problem is non-convex and is relaxed to a convex problem through a linear approximation method. Furthermore, the number of constraints in the optimization problem can be drastically reduced with the help of the specially layered constellation structure. Then, to take advantage of the similar lattice structure in the designed constellation, an improved maximum likelihood (ML) detector is proposed. The idea of the low-complexity detector is to perform ML detection on constellation points inside the sphere centered at an initially estimated point. Simulation results show that LACC can achieve a significant performance gain over different schemes, such as RC, CC, CASCC, SM, and SMP. Therefore, the proposed constellation can be a good candidate for efficient transmission over various MIMO-VLC channels, especially the high-correlation ones. On the other hand, detection complexity is remarkably reduced with the help of the proposed low-complexity detector while maintaining same performance as ML detector, even in very high correlation channel.
The rest of this paper is organized as follows. In Section II, we describe the system model and the constellation. The collaborative constellation structure and design are detailed in Section III. In Section IV, the low-complexity detector is presented. In Section V, the possible extension to a larger number of LEDs and PDs for MIMO-VLC system is briefly discussed. The constellation design and detector are analyzed in section VI, including bit error rate (BER) performance and the complexity of the proposed scheme. This section also includes some discussion about possible extensions for future research. Finally, we offer our conclusions in Section VII.
Notations: Throughout the paper, S, R denote constellation at transmitter, receiver spaces. For the i-th point of m-th layers of transmitter constellation, s mi , s (j) mi denotes the signal transmitted by j-th LED. We use bold lower and upper case letters for column vectors and matrices respectively. For a vector a, a (i) denotes its i-th element. For a set of vectors, b i denotes the i-th vector. The notations ∩ , [.] T , and . l denote set intersection, transpose, and l-norm respectively. I N T denotes the N T × N T identity matrix. N (µ, σ 2 ) denotes Gaussian distribution with mean µ and variance σ 2 .
II. SYSTEM MODEL AND CONSTELLATION DESCRIPTION
A. SYSTEM MODEL In this paper, we consider an indoor line-of-sight MIMO-VLC system with N T LEDs at the transmitter and N R PDs at the receivers. The received signal y can be represented as follows [13] 
where
T is a transmitted signal where components are x (i) as the i-th LED signal, n is the N T × 1 real valued additive white Gaussian noise (AWGN) that represents the sum of high intensity ambient light shot noise and thermal noise with zero mean and variance σ 2 . Moreover, the N R × N T channel matrix H, which represents channel state information (CSI), is assumed to be known at the transmitter through a feedback channel [13] . Each coefficient h ji between the i-th LED and the j-th PD is a nonnegative real value and can be determined by [1] 
where φ is the angle of emergence with respect to the transmitter axis, and ψ is the angle of incidence with respect to its normal axis. The Lambertian mode order k is k = − ln 2 ln(cos 1/2 ) where 1/2 is the half-power semi-angle of the LED. A r and ψ 1/2 denote the effective area of the detector, and the fieldof-view semi-angle of the detector, respectively; ρ ji is the distance between the i-th LED and the j-th PD. Let X be a given modulation constellation at the transmitter; then, the average electrical power of the constellation X can be given as P e = E{ x 2 2 }/T s , x ∈ X where E{.} is the expectation operation, and T s is the symbol period. Given that the spectral efficiency of R bits/s/Hz is considered, the cardinality of X is |X | = 2 R , and therefore, total electrical power at the transmitter can be represented as P X = x∈X x 2 2 .
B. CONSTELLATION DESCRIPTION
Let us consider a MIMO-VLC system with a spectral efficiency of R bits/s/Hz, the transmitter constellation X of M = 2 R symbols is denoted as X = [x 1 , . . . , x M ] where 74896 VOLUME 6, 2018
∈ X is a signal vector transmitted through the LEDs. As in previous research [10] , [13] , we describe the structure of the LACC constellation for a 2×2 MIMO-VLC system, or N T = N R = 2. A discussion of higher numbers of N T and N R will be provided later. Consequently, transmitted signal x i can simply be represented as
i denote the signal transmitted by LED 1 and LED 2 , respectively. Since the number of symbols in X has to be power of 2, firstly, we give our description to design a layered constellation S. By effectively designing set S, the constellation X used in transmission can be obtained by selecting 2 R optimal constellation points from S. The detail is given in the followings. Inspired by the space-collaborative constellation in [10] , our goal is to first define a constellation that consists of L layers, as in Fig.1 . Furthermore, in the l-th layer (l=1, . . . , L) there are l constellation points. It can be observed that the L layers constellation can be generated from three basic points s 11 
21 ) T , and s 22 = (s
T is the i-th constellation point of the m-th layer, and s (1) mi , s (2) mi denote signals collaboratively transmitted by LED 1 and LED 2 , respectively. Specifically, constellation S can be represented by
Then, with any transmitted constellation s mi ∈ S, S = [s 11 , s 21 for i = 1 . . . m do 5: set S ← S + s mi |s mi = s
end for 7: end for find optimal constellation X from S 8: for all s mi ∈ S, select M = 2 R points with the smallest ED to (0,0) to construct constellation X 9: normalize the result constellation X to required average electrical power. 10: return constellation X PD 1 and PD 2 as follows
where H is the 2 × 2 channel matrix. Therefore, the constellation in the receiver space in Fig.1 can be defined as R = [r 11 , r 21 , r 22 , r 31 , r 32 , r 33 , . . . , r L1 , r L2 , . . . r LL ] where R = HS and |R| = |S|. Similar to [13] , there is one-to-one mapping between any pair of constellation points between S and R. The constellation R can then be represented as
It can be observed that total number of points in L layers collaborative constellation will be
. To select M = 2 R points from equidistant constellation S, one way is to take M points with smallest ED to (0,0) as in [13] , since these points will have lowest electrical power level. We give the Algorithm 1 to generate the constellation X of R bits/s/Hz from three basic points s 11 , s 21 , s 22 . It can be seen that to construct any layered constellation, the optimal three basic points s 11 , s 21 , s 22 are required for Algorithm 1. For example, the space-collaborative constellation in [10] can be generated from three basic points
The performance of this scheme however, can still be improved with consideration of the channel matrix. In [13] , the basic four-point constellation is considered as being adaptive to the channel matrix, and harnesses the spatial resources effectively, compared with the CC in [10] . Specifically, CASCC is mainly based on two major features. First, the space collaborative build relations within the LEDs and thus design a constellation that each dimension maps the corresponding LED. Second, the channel adaptive that optimizing the EDs of constellation at the receiver in stead of the transmitter. It is worth mentioning that the design procedure of the four-point constellation in [13] is basically equivalent to the case with L=3 in our scheme. However, optimizing the EDs among only four basic points [13] shows the extension to higher constellations is inefficient, especially when a significant correlation is present in the MIMO-VLC channel. Therefore, the scheme in [13] gives favorable results only when the channel constellation is low enough. Moreover, with a very high correlation channel, the scheme in [13] failed to effectively extend the basic four points to a higher constellation. On the other hand, the received four-point constellation in [13] is restricted to a diamond shape, which reduces the effectiveness of the channel adaptive constellation. In the next section, we address the problem of finding the optimal three basic constellation points s 11 , s 21 , s 22 that can improve system performance by considering the relationship between not only the three basic points but the whole L-layer constellation.
III. COLLABORATIVE CONSTELLATION DESIGN
In this section, we present our proposed LACC constellation design by flexibly determining the optimal basic points in Algorithm 1 that can maximize the minimum ED between any two constellation points in the receivers. Relying on the structure in Fig. 1 , our optimization problem is finding s 11 , s 21 , s 22 that form a constellation S of L layers through Algorithm 1 and that optimize the distances between any two points of R = HS, subject to the fixed total electrical power P max . The optimal points can then be used to generate a constellation of any number of layers L through Algorithm 1. It is worth mentioning that, as simulation results in a later section point out, considering a number of L * ≤ L layers that is high enough can achieve a convergence value of minimum distance, and the consideration of L layers in the optimization problem is unnecessary when designing an L-layer constellation. This will help lower the complexity of the constellation design process. Before we proceed, we point out that the four basic-point constellation problem in [13] is equivalent to our problem, if we consider only L * = 3. However, as the correlation of channel becomes higher, consideration of only three layers becomes ineffective. In this paper, let us define d R as the minimum ED between any two points r mi , r nj that belong to a specific R; s 11 , s 21 , s 22 can be determined through optimization problem P 0 as follows 
Theorem 1: The total electrical power of all constellation points generated from L layers can be calculated by
21 s
21 +s
The proof of Theorem 1 is given in the Appendix. Without loss of generality, we can assume m ≥ n ≥ 1, and we set α = m − n; β = i − j. The distance between any two constellation points, r mi , r nj ∈ R, can be represented with the aid of (5) as follows
and
, then optimization problem P 0 can be expressed as follows
This problem can be rewritten as follows
However, P 2 is a non-convex problem, and therefore, it is extremely hard to find the optimal solution to P 2 .
A solution was proposed in [14] using leveraging augmented Lagrangian and dual ascent techniques. This method showed an extremely fast convergence rate with very low computational complexity. On the other hand, convex relaxation methods to approximate P 2 were proposed in [15] and [16] and can be used to problem P 2 . The core idea of convex relaxation is to linearize t T Q (α−β)β t from point t k in the solution space. The approximated problem is then given as follows
This approximated problem is a convex optimization problem. Therefore, any algorithm or tool useful for solving the convex optimization problem, e.g., the interior point method or CVX tool [17] , can be used to solve the approximated maximum minimum ED problem efficiently. The starting point can be randomly generated, but in our simulation, we set the initial points to be the repeat code points (i.e.
. We can see that the optimization problem comprises only four variables and can be considered a low-complexity problem. Nevertheless, as the number of considered layers goes higher, so does the number of constraints as the size of set also becomes higher. Consequently, the complexity in solving the optimization problem increases significantly. To drastically reduce the number of constraints and to simplify the design process, we propose Theorem 2 in order to obtain set with a specific value of L.
Theorem 2: The set can be defined from L as
where gcd(a,b) is the function to calculate the greatest common divisor between a and b; and
Theorem 2 is proven in the Appendix. With the help of Theorem 2, the number of constraints in P 3 is reduced significantly. We give an example of = (0,1);(1,0); (−1,1);(−1,2);(−1,3);(−2,1);(−2,3);(−3,1);(−3,2) as in the case of eight constellation points. When 256 constellation points are considered, the number of constraints decreases from 32,640 to just 281. With 1,024 constellation points, the number of constraints can be reduced from 523,776 to 1,209, which is capable of being an optimization problem with a low complexity cost. It is worth mentioning that even though P 3 contains a significant number of constraints, there are only four unknown variables that need to be optimized. Hence, the complexity of the maximum minimum ED optimization problem in this paper is relatively low, compared with the problem elsewhere [14] - [16] . The analysis of the complexity issue will be shown in a later section. Furthermore, our simulation in the next section depends on the correlation value of the channel, and the number of layers that need to be considered can be much lower than L without a significant reduction in the minimum EDs of the constellation. 
IV. LOW-COMPLEXITY ML DETECTOR
This section explains the key idea and the algorithm of a low-complexity ML detector. Fast maximum likelihood detection [13] has been proposed. However, by considering just r (1) 21 and r (2) 22 in estimating the initial constellation point, this detector only gave a favorable performance when r 22 , as in the case where channel correlation is very low. On the other hand, the detector in [13] restricted the search region in nine points, as seen in the blue region in Fig. 2 , where it should be all points lying inside the red circle, with the center as the estimated point, and consequently, this detector only works well when the channel correlation is low enough. Therefore, even though fast maximum likelihood detection was proposed in [13] with the idea of narrowing the search region, the detector in [13] showed performance similar to the ML detector only when the channel correlation is very low, and another ML-based detector should be proposed to properly perform under various scenarios. By noticing the structure of the collaborative constellation in this paper, which can also be considered a lattice [18] , [19] , it is intuitive to derive a low-complexity detector that takes advantage of this constellation structure. Similar with [13] , the core idea is to only search, in the received constellation, the closest points from initially estimated points. However, the proposed detector improves the initial estimation of transmitted signal and the search region, make it capable of applying to various channels. Specifically, our algorithm considers the following detection process.
A. INITIAL ESTIMATION
For a given constellation, S, R, in a MIMO-VLC system, the received signal in (3) can be rewritten as
T , which defines the transmitted signal as the i-th point of the m-th layer. The first step of the proposed detector is to find an initial estimate,û of u, by using a linear detection method, such as minimum mean square error (MMSE), or zero forcing (ZF) detection method [20] . Then,û for MMSE and ZF can be determined aŝ
Since m and i of u should be integers, the elements of estimationû, are also integers. Let round(a) be a function to return the nearest integer to a. Then, the estimated signal is quantized to the closest point rm¯i in the collaborative constellation by definingū = m − i m − 1 T ,m,ī ∈ Z and
T . After this, m,ī can be easily obtained.
B. DETERMINE THE DETECTION REGION FOR THE ML DETECTOR
In this step, we construct a subsetR whose elements lie in the sphere centered at the quantization output vector rm¯i with a radius of π d . The choice of radius will affect the performance of the detector and should be carefully considered, as it provides a trade-off between the BER result and detection complexity. In particular, we set the radius to the largest distance between four constellation points r 11 , r 21 , r 22 , r 32 , i.e.
This radius has been shown in simulation results that can provide the performance similar to a traditional ML detector while outstandingly decreasing detection complexity. Using the fact that a lattice is closed under addition, we can locate the elements of subsetR systematically. Let us define the following set
as the constellation set with the closest points from rm¯i that lie inside the sphere of radius π d . By the lattice property, it is possible to find the elements ofR by shifting the initially estimated pointū to the elements of D search , regardless of the value ofū, and soR can be represented as
The key idea of the proposed detector is to take advantage of the lattice property belonging to the collaborative constellation. As the constellation points are closed under addition, we can easily find the closest points inside the sphere centered at an estimated point. The cardinality of D search depends on the specific channel and the choice of π d , and will be discussed in the next section. Furthermore, set D search is easy to find via off-line computation, and thanks to the lattice property, by simply shifting initially estimated point rm¯i with the elements of set D search , as in (12), the closest constellation points from estimated point rm¯i are obtained. It worth mentioning that if the transmit vector is modulated using conventional methods, the lattice property in the signal set does not hold, and therefore, it is impossible to apply the proposed algorithm. Then, depending on the initial estimated point, the detector only performs a search on the region that belongs to the constellationR = R ∩R. If R ∩R = ∅; then, R = {(0, 0)}.
C. PERFORM ML DETECTION OVER THE REDUCED REGION
After acquiring the reduced search region, the detector uses ML to normally search over the setR for the point that satisfies (13) s,r = arg min rm˜i∈R y − rm˜i 2 2
As an example, Fig. 2 represents the received signal space, and the yellow mark represents the initial estimate. The yellow mark is quantized to the point that belongs to the constellation (the red mark). Then, we obtain the set inside the sphere that belongs to the region restricted by the red circle, which includes the quantized point rm¯i. Finally, we calculate ML metrics over reduced setR. The proposed algorithm is summarized in Algorithm 2.
V. EXTENSION TO GENERAL MIMO-VLC
Due to the limitations of this paper, the constellation design problem is mainly focused on a 2 × 2 MIMO-VLC system. This restriction was observed in [10] and [13] due to the complexity and high amount of mathematical content. In this section, we briefly exemplify the concept of LACC for higher numbers of LEDs and PDs. Note that optimization can be derived, and the same design process would be performed without any difficulty. However, the main obstacle in obtaining the optimal constellation for a higher number of transmitters and receivers lies in the high computational complexity of the optimization problem when large numbers of variables and constraints are considered. Let us again consider a MIMO-VLC system with transmitter constellation X of M = 2 R symbols, denoted as (14) where the basic points of the constellation here are s 11 (4) and |R| = |S|. It is observed that the constellation when N T = N R = 2 is a special case, and can be deduced from the above equation.
Algorithm 2 Low-complexity ML detection
Although not detailly mentioned in this paper, the larger dimension constellation X can be generated from a set of basic points {s 211...1 , s 221...1 , . . . , s 222...2 } by a generalization of Algorithm 1. After that, the optimization problem of constellation design can be easily formed in the same fashion as problem P 0 . The process of simplifying and solving the optimization problem is possible by systematically extending the method described in this paper as well as Theorem 1, Theorem 2 without any mathematical difficulty. However, this paper focus is the 2 × 2 VLC-MIMO system as previous ones [10] , [13] and the extension to system with larger number of LEDs and PDs can be discussed in future research.
VI. SIMULATION RESULTS AND DISCUSSION
In this section, we analyze the performance of our scheme, compared with other schemes for MIMO-VLC systems such as CASCC, CC, RC, SMP, and SM. Consider an indoor 2 × 2 MIMO-VLC scenario with A r = 1cm 2 , 1/2 = 60 o , and ψ 1/2 = 60 o . The average transmission electrical power is identical in each scheme. By normalizing H and s, SNR is defined as in [10] and [13] . Here, LED 1 and PD 1 are fixed at (0,0,0) and (0,0,3m), and LED 2 and PD 2 are at different locations. We take three channels with different correlation values as the normalized channel matrices shown in Table 1 . We can see that channel H 1 has the smallest condition number, as an insignificant correlation is presented in this channel. In contrast, channel H 3 gets a very large condition number due to a high level of correlation in this channel. We assume that the receivers in our scheme and other referred schemes use ML detectors with complete information about the channel. To compare the performance of our scheme and others, we use BER as the figure of merit. Fig.3 shows the minimum distance, d min , of the R= 8,10 bits/s/Hz constellations, versus the number of layers considered in optimization problem P 3 for three channels, i.e. L * = 2, 3, . . . instead of L. We see from this figure that the minimum distance monotonically increases with the number of considered layers, L * . However, the minimum distance d R converges when L * is high enough, and the speed of convergence depends on the correlation of specific channel. For example, with low correlation channel H 1 , only two layers need to be considered when designing a constellation of 256 or 1,024 in size. In another case, with high correlation channel H 3 , seven layers is enough. This indicates that with a relatively low complexity, the constellations designed by the proposed scheme with low values of L * ≤ L can guarantee good ED between constellation points. According to [15] , the complexity of the designs is due mainly to the complexity in solving problem P 3 , and therefore, should be analyzed from two aspects: i) the computational complexity of solving the optimization at each iteration, and ii) the number of iterations required for convergence. The complexity in solving the optimization problem in each
A. CONSTELLATION DESIGN ANALYSIS
, and the number of iterations for the result to converge is about 5∼10 depending on the size of , according to our simulation results. However, the constellation design is a one-time calculation. Therefore, the complexity is not the focus and should not matter since our proposed algorithm gives improved performance, as shown later.
B. DETECTOR ANALYSIS
In this section, we compare the traditional ML detector with the proposed low-complexity ML detector. For simplicity, with a large number of constellation points, the complexity of the two detectors can be considered to depend on the number of points belonging to the search region. The complexity of the traditional ML detector is 2N R (N T + 1) − 1 M flops or equal to 11M flops when N T = N R = 2. As described in Algorithm 2, the effective search space of the proposed detector is determined by the cardinality of D search , and consequently,R. The cardinality of D search varies depending on the correlation value of the specific channel, i.e. channel H 1 with low correlation requires D search with low cardinality. In contrast, a larger set for D search is necessary in highcorrelation channel H 3 . The complexity of the proposed detector in Algorithm 2 can be computed, as MMSE requires 4N 3 T + 12N 2 T N R + 7N 2 T + 6N T N R flops, and quantization complexity is 2N T flops. The construction of setR requires (2N T N R − N T + 2) |D search | flops, and y − r mi 2 requires (2N R (N T + 1) − 1) |R| flops. Therefore, the total complexity of the proposed detector when N T = N R = 2 will be 184 + 5 |D search | + R + 3 |D search | flops. Fig. 4 shows the BER performance comparison between the traditional ML detector and the proposed detector when π d = π opt with various channels and spectral efficiencies. We can see that our proposed detector achieves performance similar to the ML detector. It is worth mentioning that the low-complexity detector in [13] showed worse performance with a channel that incurred a high level of correlation. In contrast, our proposed detector, by effectively utilizing the MMSE detector and restricting the search region to a sphere, keeps the BER performance as good as the ML detector while drastically reducing the complexity. Table 2 shows the complexity comparison of detectors under different scenarios. It is clear that when constellation order increases, the proposed detector can significantly reduce the computational complexity. However, the average number of points inside the search region also increases when the channel correlation is high. Fig. 5 shows the performance of the proposed detector when the value of the search radius, π d , decreases. We can see that depending on channel correlation, the BER performance degrades variously. Simultaneously, the complexity of the detector also decreases, however insignificantly, since the choice of optimal π d = π opt mentioned before already drastically reduces the computational complexity while achieving the same performance as ML. Fig. 6 and Fig. 7 show the performance of LACC, CASCC [13] , CC [10] , RC [8] , SMP [7] , and SM [9] for low-correlation channel H 1 at different spectral efficiencies of R = 4, 8, 10, and 12 bits/s/Hz. In such low-correlation conditions, only the ED impacts the performance of the system. Our scheme and CASCC [13] perform relatively the same, and both are better than RC, CC, SMP, and SM. The gain between our scheme and CC [10] is significant at low and medium spectral efficiency. It is worth mentioning that due to the exceptionally low correlation of channel H 1 , RC, SM, and SMP constellations are inappropriate choices in this scenario. show better performance in comparison with other schemes, such as RC, CC, and SM. Our proposed scheme shows the best performance, and gain is about 2dB, in comparison with CASCC, since in H 2 , both the correlation and ED in VOLUME 6, 2018 the transmitter space affect the performance of MIMO-VLC. LACC, CASCC, and CC achieve some performance gains due to effective utilzation of spatial resource. Moreover, by considering the impact of optical channel into constellation design problem, the proposed LACC and CASCC can manage to significantly leverage the interference between transmitting LEDs. On the other hand, our proposed scheme which takes into account the relation between all constellation points, can further reduce the effect of channel correlation to system performance. Based on this reason, we can firmly state that with the proposed LACC, better performance can be obtained for MIMO-VLC than other schemes with medium and strong correlation channels, while yield similar performances to CASCC for low correlation channel.
C. PERFORMANCE ANALYSIS UNDER PERFECT CSI
The benefit of LACC over CASCC, CC, RC, SMP, and SM in high correlation channel H 3 is shown in Fig. 10 and , and 12 bits/s/Hz. Due to the high correlation of channel H 3 , in low spectral efficiency, RC performs well, but our scheme still gains about 1 dB, compared with RC. In medium and high spectral efficiency, RC becomes worse due to inefficient use of power. Moreover, our proposed scheme is still better than CC and the other schemes. It can be observed that, due to the aforementioned design criterion of CASCC, this scheme hardly maintains the good performance as previous channel configurations.
D. PERFORMANCE ANALYSIS UNDER IMPERFECT CSI
While the channel in VLC is considered deterministic for given transmitter-receiver specifications and fixed locations, the assumption of perfect CSI at the transmitters is in fact not strongly realistic even for indoor VLC systems [21] . To successfully recover the transmitted symbol with a high degree of confidence, the knowledge of channel coefficients at the receiver side is of paramount importance. Therefore, in order to evaluate and develop insights on the impairment of imperfect CSI on MIMO-VLC system performance with the proposed LACC, in this part, appropriate procedures to emulate the channel estimation errors need to be carried out. Without the loss of generality, the channel matrix estimated at the receiver can be represented as
where H is the estimation for H with the estimated error matrix of dimensions N R × N T . The channel estimation error which is independent of H and elements follow N 0, σ 2 . Under ideal channel estimation conditions, the error is zero, i.e. σ 2 = 0; it is obtained that H = H. In this simulation, we exemplify the case when R= 4bits/s/Hz in channel H 2 . In order to determine the pure effect of the estimation error on the performance of system, the power of the estimation error σ 2 was fixed to 74904 VOLUME 6, 2018 0.01, 0.02, and 0.05 values for all SNR values, i.e. corresponding to 1.25%, 2.5%, and 6.25% of the average channel gains, respectively. Especially with LACC and CASCC in which the imperfect CSI is taken into constellation design process. Moreover, notice that the channel estimation error will also worsen the performance of MIMO-VLC system that employs any aforementioned modulation schemes such as RC, SM, SMP, CC, CASCC, and LACC; since ML detector is utilized. For comparison purposes, the performance of the perfect CSI case (σ 2 = 0) is also included. Fig.12 shows the performance comparison of LACC with other schemes under the highly CSI error where σ 2 = 0.05. It can be seen that due to the ineffective utilization of power that lead to very small EDs between constellation points, RC and SM become worse.
Hence, when channel estimation error is high, both of them perform badly and RC appears to be error floored. In the other hand, LACC still outperforms other schemes.
Since the imperfect CSI directly impacts the constellation design procedure of LACC and CASCC, we then give a detail comparison between those two schemes in various imperfect CSI scenarios in Fig.13 . According to Fig.13 , LACC is able to achieve at leat 2dB of SNR gain in comparison with CASCC with low to high CSI imperfection. It also worth mentioning that the performance of both schemes rapidly degrade when CSI error increasing.
VII. CONCLUSION
In this paper, we proposed a design method for a layered structure constellation in MIMO-VLC systems. To utilize the spatial relation between LEDs, the collaborative constellation is formed. Moreover, to adapt to the change of channel, and optimize the EDs between received constellation points, we particularly designed a constellation for 2×2 MIMO-VLC systems in terms of the basic constellation and a high-order constellation. The design problem is simplified due to the layered structure of proposed constellation. Later, we provided a low-complexity with performance approach ML detector even in high correlation channel. Simulation results indicated that our proposed constellation and detector obtain better error performance and more extensive implementation areas than conventional MIMO-VLC schemes.
APPENDIX

A. PROOF OF THEOREM 1
Proof: Theorem 1 is proven by using (3) and Faulhaber's formula [14] with some simple manipulations as follows: Proof: A key issue of constellation design is the high computational complexity of the optimization problem when VOLUME 6, 2018 the number of layers L goes higher. Therefore, some steps are necessary to reduce the number of constraints in the optimization problem. Since the constraints in P 3 are basically generated from set = {(α − β, β)}, we focus on decreasing the number of elements in .
Step 1) As the layered structure of the constellation has a lattice property that is closed under addition, we can see that the distance between any two points of two layers will be preserved when we shift both points a same number of layers. To proof this, we observe that, with anyn,m,î,ĵ satisfy 1 ≤n ≤m ≤ L; 1 ≤î ≤m; 1 ≤ĵ ≤n, sincê m −n = L − n + L −m , based on (6), it is easy to see that Step 2) Furthermore, since the optimization problem is a maximum minimum ED problem, the constraints represent EDs that are guaranteed to be larger than other ones can be considered to be trivial constraints and should be discarded. That is, we divide into two cases: Similarly, we have d r mi , r nj ≥ t T Q 01 t. Therefore, in this case, 1 = {(1, 0) ; (0, 1)}. This case is equivalent to the optimization problem of CASCC in [13] , and 1 can be considered instead of in a low-correlation channel without a significant reduction in system performance.
Case II: If (α − β) β < 0 as 0 < α − β ≤ (L − 1) , − (L − 1) ≤ β < 0 or − (L − 1) ≤ α −β < 0, 0 < β ≤ (L − 1); (α − β, β) ∈ 2 .
In this case, we can see that Step 3) Again, observing that if any pair (α 1 − β 1 , β 1 ), (α 2 − β 2 , β 2 ) ∈ that satisfies gcd (α 1 − β 1 , −β 1 ) = 1, gcd (α 2 − β 2 , −β 2 ) = δ > 1, and α 2 − β 2 = δ × (α 1 − β 1 ) ; β 2 = δ × β 1 , we only need to consider (α 1 − β 1 , β 1 ) since (α 2 − β 2 ) r , where µ(k)is the Möbius function [22] . That will complete Theorem 2. 
